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Abstract
Endotoxin/lipopolysaccharide (LPS) tolerance, a hyporesponsive state to endotoxin or LPS stimulation, was induced in
murine peritoneal macrophages by previous exposure of macrophages to LPS. Expression of tumor necrosis factor (TNF)-K
and interleukin (IL)-6 mRNA in response to LPS stimulation was suppressed in LPS-tolerant macrophages. Tyrosine
phosphorylations in response to LPS of 40^45-kDa proteins in non-tolerant macrophages were also suppressed in LPS-
tolerant macrophages. These proteins corresponded to two members of the mitogen-activated protein kinase (MAPK)
family, ERK and p38. In addition to these proteins, another MAPK family protein, JNK, was also suppressed in LPS-
tolerant macrophages. Activation of Raf-1, located in the upstream portion of ERK cascades, was also suppressed by LPS-
tolerance induction. These suppressions in LPS-tolerant macrophages were exhibited against stimulation by an LPS agonist
like taxol, but not towards stimulation by an unrelated activator like phorbol ester (PMA). Activation of the transcription
factor NF-UB, which is supposed to be one of the components of another important pathway for transduction of LPS-
stimulated cytokine producing signals, was strongly suppressed and degradation of IUB, an inhibitor of NF-UB, was also
severely diminished in LPS-tolerant macrophages. Although a monosaccharide lipid A analog, GLA-58, was able to
stimulate macrophages to activate ERK proteins without cytokine production, pretreatment of macrophages with this
compound suppressed both LPS-stimulated activation of ERK and cytokine production. Furthermore, downregulation of
LPS-uptake in LPS-tolerant macrophages was not observed. Based on all these findings, LPS tolerance might be caused by
the previous activation of some components on LPS-signaling pathways. This may then induce a refractory state in key LPS-
signal transducer molecules located downstream of the cell membrane LPS receptor and upstream of the branching point in
intracellular cascades for activation of MAPK and NF-UB, probably in some initial steps of intracellular signaling. ß 1999
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1. Introduction
Bacterial lipopolysaccharide (LPS)/endotoxin, a
cell wall component of Gram-negative bacteria, is a
potent activator of mammalian cells, such as macro-
phages [1,2]. When macrophages are activated
through LPS stimulation, they produce various cyto-
kines, such as tumor necrosis factor (TNF), interleu-
kin (IL)-1, IL-6, IL-8 and IL-12, in addition to chem-
ical mediators, such as prostaglandins and nitric
oxide (NO) [3]. These cytokines and mediators have
pleiotropic biological activities and play crucial roles
in immune response and in£ammation. Tyrosine kin-
ase inhibitors, such as herbimycin A, were found to
suppress macrophage production of cytokines and
mediators in response to LPS, indicating that activa-
tion of intracellular tyrosine kinases was essential for
this process [4^11]. Following the tyrosine kinase ac-
tivation, mitogen-activated protein kinase (MAPK)
cascades are modulated. MAPK forms a family
whose members include extracellular signal-regulated
kinase (ERK), p38 and c-Jun N-terminal kinase
(JNK). LPS as well as TNF-K and IL-1 can activate
these three MAPK family cascades simultaneously
[5,12^16], leading to activation of several transcrip-
tion factors including NF-IL-6, Elk-1, c-Jun, ATF2
and MEF2C. These transcription factors are thought
to control cytokine gene expression in response to
LPS. Such LPS-signaling pathways are considered
to participate in LPS-stimulated cytokine produc-
tion. In addition, activation of transcription factor
NF-UB is another pathway for LPS-signaling
[17,18]. NF-UB is involved in gene expression of nu-
merous cytokines and cell adhesion molecules in re-
sponse to LPS.
In contrast to the activation of macrophages by
LPS stimulation, macrophages can be induced to a
state hyporesponsive to LPS stimulation by pre-ex-
posing them to LPS; this is called endotoxin/LPS
tolerance [19^22]. Induction of LPS tolerance is char-
acterized by decreased LPS-stimulated cytokine pro-
duction, although the underlying mechanisms for in-
duction of the tolerance are not yet well understood.
Extracellular LPS in the form of LPS-LBP (LPS
binding protein) complex is e¡ectively accepted by
a macrophage surface molecule named CD14 at an
initial step of LPS signaling [23]. Here we investi-
gated the e¡ect of LPS tolerance on the above-men-
tioned intracellular signaling events, including these
initial steps of signaling, in murine macrophages.
In the present study, we demonstrate that multiple
LPS-signaling pathways such as MAPK family cas-
cades and NF-UB activation cascade are suppressed
in LPS-tolerant macrophages. We also show that
LPS recognition in the early steps of the signaling
is not downregulated in LPS-tolerant macrophages.
2. Materials and methods
2.1. Animals
C3H/He mice, which were bred and maintained in
our animal colony under standard care, were used
when they were 8^12 weeks old.
2.2. Reagents
LPS, which was prepared from Salmonella abortus
equi, was a kind gift from Dr. C. Galanos, Max-
Planck-Institute fu«r Immunbiologie, Freiburg, Ger-
many. A synthetic lipid A, 506, was purchased
from Daiichi (Tokyo, Japan). GLA-58, a synthetic
monosaccharide lipid A analog, was kindly given to
us by Drs. A. Hasegawa and M. Kiso, Gifu Univer-
sity, Gifu, Japan. Taxol, phorbol 12-myristate 13-
acetate (PMA), phenyl-methylsulfonyl £uoride
(PMSF), leupeptin, and aprotinin were purchased
from Sigma (St. Louis, MO). Pepstatin was pur-
chased from Chemicon (Temecula, CA). Dithiothrei-
tol (DTT) was purchased from Boehringer Mann-
heim (Mannheim, Germany). Poly-deoxyinosinic-
deoxycytidylic acid (poly[dI-dC]) was purchased
from Pharmacia LKB Biotechnology (Uppsala, Swe-
den). The anti-phosphotyrosine monoclonal antibody
PY-20 was obtained from Transduction Laboratories
(Lexington, KY). The anti-ERK monoclonal anti-
body was obtained from Seikagaku (Tokyo, Japan).
Rabbit antibodies to the Phospho-ERK (MAPK),
p38, and Phospho-p38 were obtained from New Eng-
land BioLabs (Beverly, MA). Rabbit antibodies to
Raf-1 (sc-133), NF-UB p65/RelA (sc-109), and IUBa
(sc-371) were obtained from Santa Cruz Biotechnol-
ogy, (Santa Cruz, CA).
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2.3. Culture medium
RPMI 1640 medium (Dainippon, Osaka, Japan)
supplemented with 10 mM N-2-hydroxyethylpipera-
zine-NP-2-ethanesulfonic acid (HEPES), 2 mM L-glu-
tamine, 100 U/ml penicillin, 100 Wg/ml streptomycin,
0.2% NaHCO3 and 2% heat-inactivated fetal calf se-
rum (FCS; ICN, Costa Mesa, CA, USA) was used.
2.4. Macrophages and induction of LPS tolerance
The peritoneal exudate cells (PEC) were collected
by lavage with 6 ml of cold Hanks’ balanced salt
solution (HBSS; Gibco-BRL, Grand Island, NY)
from the peritoneal cavity of mice that had been
injected intraperitoneally with 2 ml of thioglycollate
broth (TGB; Difco, Detroit, MI) 4 days in advance.
The PEC were washed twice and resuspended in cul-
ture medium with 2% FCS. PEC suspension was dis-
pensed onto 60-mm culture dishes at a concentration
of 1U107 cells per dish or 96-well tissue culture
plates at 2U105 cells per well and then incubated
for 2 h at 37‡C in a humidi¢ed atmosphere of 5%
CO2 and 95% air. The adherent cells, used as macro-
phages, consisted of s 95% macrophages as deter-
mined by morphological criteria, phagocytosis and
non-speci¢c esterase staining. Fresh media supple-
mented with 2% FCS were added and the cells
were incubated for 19 h in the presence (LPS-tolerant
macrophages) or absence (non-tolerant macro-
phages) of LPS (or synthetic lipid A analog GLA-
58 in some experiments) at various concentrations.
The cells were then washed with HBSS three times
and used for the experiments.
2.5. RNA preparation and Northern blot
Total RNA was isolated from macrophages by the
acid guanidinium isothiocyanate^phenol^chloroform
extraction method as described elsewhere [24]. Sam-
ples of RNA (15 Wg) were separated by electropho-
resis on a 1% agarose gel containing 2.2 M formal-
dehyde. Separated RNA bands were transferred to a
Hybond N nylon membrane (Amersham, Bucking-
hamshire, UK) and hybridized with a cDNA probe
in Rapid-Hybridization bu¡er (Amersham) [25]. The
coding regions of cDNAs for murine TNF-K, IL-6
and GAPDH were used as probes.
2.6. Preparation of cell lysate and Western blot
Macrophages were lysed in lysis bu¡er (20 mM
Tris, pH 7.5, 120 mM NaCl, 2 mM EDTA, 10%
glycerol, 1% Triton X-100, 1 mM Na3VO4, 1 mM
PMSF, 5 Wg/ml leupeptin, 5 Wg/ml aprotinin and
5 Wg/ml pepstatin) on ice for 30 min. The Triton
X-100-soluble protein was collected by microcentri-
fugation at 15 000 rpm for 10 min at 4‡C [26]. The
solubilized proteins (30 Wg) were separated on a 10%
SDS-polyacrylamide gel with running bu¡er (25 mM
Tris, 192 mM glycine, and 0.1% SDS). After electro-
phoresis, the separating gel was soaked in transfer
bu¡er (48 mM Tris, 39 mM glycine, 20% methanol,
and 0.0375% SDS) for 15 min, and the separated
proteins were transferred to Immobilon P (Millipore,
Bedford, MA) for 1 h at 20 V using a semidry blot-
ting apparatus (Trans-Blot SD; Bio-Rad, Richmond,
CA). Immunoblotting was performed according to
the manufacturer’s instructions.
2.7. JNK assay
JNK activity in macrophages was measured by a
SAPK/JNK assay kit (New England BioLabs; Bev-
erly, MA) according to the instruction manual. In
brief, the cells were lysed in lysis bu¡er (20 mM
Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM L-glycerophosphate, 1 mM Na3VO4,
1 Wg/ml leupeptin, and 1 mM PMSF) on ice for
30 min. The Triton X-100-soluble protein (250 Wg
in 250 ml of lysis bu¡er) obtained was added with
2 Wg of c-Jun fusion protein beads and incubated
with gentle rocking overnight at 4‡C. The kinase re-
action was performed by incubation for 30 min at
30‡C, and the resulting phosphorylated c-Jun was
detected by Western blotting using phospho-speci¢c
c-Jun antibody that recognizes only c-Jun phos-
phorylated at Ser-63.
2.8. Preparation of nuclear extract
Macrophages (1U107 cells per 60-mm culture
dish) were incubated with 10 ng/ml of LPS or 20
mM of taxol for 1 h. The cells were then washed,
harvested, resuspended in 400 ml of hypotonic bu¡er
A (10 mM HEPES, pH 7.8, 10 mM KCl, 0.1 mM
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EDTA, 0.5% NP-40, 1 mM DTT, 0.5 mM PMSF,
5 Wg/ml aprotinin, 5 Wg/ml pepstatin, 5 Wg/ml leupep-
tin), and vortexed for 10 s. Nuclei were separated
from cytosol by centrifugation at 5000 rpm (Tomy
microcentrifugator, MRX-151; Tomy, Tokyo, Ja-
pan) for 1 min. Nuclei were resuspended in 100 ml
of bu¡er C (50 mM HEPES, pH 7.8, 0.42 M KCl,
0.1 mM EDTA, 5 mM MgCl2, 20% glycerol, 1 mM
DTT, 0.5 mM PMSF, 5 Wg/ml aprotinin, 5 Wg/ml
pepstatin and 5 Wg/ml leupeptin) and kept on ice
for 30 min, while being occasionally vortexed. Nu-
clear extract was obtained by centrifugation at 15 000
rpm for 15 min [27]. Protein concentration was meas-
ured by the method of Bradford, using a protein dye
reagent (Bio-Rad), with bovine serum albumin as the
standard.
2.9. Electrophoretic mobility shift assay (EMSA)
The oligonucleotide containing the murine IL-6
NF-UB binding sequence was used as a probe [28].
The sequences were as follows: wild-type, 5P-AGCT-
TAAATGTGGGATTTTCCCATGAGA-3P ; mutant
UB site with substitutions (underlined) in the NF-UB
DNA binding motif, 5P-AGCTTAAATGTCTCAT-
TTTCCCATGAGA-3P. For the binding reaction, a
20-Wl reaction mixture containing nuclear extract (5
Wg protein), 10 mM HEPES, pH 7.8, 50 mM KCl,
1 mM EDTA, 5 mM MgCl2, 10% glycerol, 5 mM
DTT, 0.7 mM PMSF, 2 Wg of poly(dI-dC) and, if
needed, a competitor oligonucleotide (U100) was
¢rst left on ice for 10 min. Radiolabeled oligonucleo-
tide (20 000 cpm) was then added. The reaction mix-
ture was incubated for 30 min at room temperature.
The samples were analyzed by electrophoresis on a
5% polyacrylamide gel with 0.25UTBE bu¡er (22.5
mM Tris, 22.2 mM borate and 0.5 mM EDTA). The
gels were dried and analyzed by autoradiography.
2.10. TNF assay
TNF-K activity in the culture supernatant was de-
termined by cytotoxic activity against actinomycin
D-treated L929 cells [29].
2.11. LPS uptake
125I-LPS was prepared as previously described [30].
Peritoneal macrophages were cultured in 24-well tis-
sue culture plates (3.5U105 cells/well) with or with-
out LPS (10 ng/ml) overnight. Macrophages were
washed with HBSS three times and then re-incubated
with 20 ng of 125I-LPS (1 WCi/Wg LPS) in 200 Wl of
10% FCS-RPMI 1640 medium for 2 h at 37‡C. After
washing, the cells were lysed with 0.1 N NaOH and
radioactivity of the lysate was measured.
3. Results
3.1. Suppression of TNF-K and IL-6 gene expression
in LPS-tolerant macrophages
The tolerant macrophages induced by pretreat-
ment with 1 or 10 ng/ml of LPS (¢rst stimulation)
were re-stimulated with 10 ng/ml of LPS (second
stimulation). RNA from a 4 h-culture was extracted
and analyzed for expression of TNF-K and IL-6
mRNAs by Northern blotting. As shown in Fig. 1,
expression was seen in non-tolerant cells, but was
strongly suppressed in LPS-tolerant cells. The sup-
pression appeared to be dependent on the LPS con-
centration used in the ¢rst stimulation. These ¢nd-
ings indicate that LPS tolerance was induced under
these conditions and that LPS signal transmission in
Fig. 1. Suppression of TNF-K and IL-6 mRNA expression in
LPS-tolerant macrophages in response to LPS (2nd stimula-
tion). LPS-tolerant and non-tolerant macrophages were incu-
bated in the presence (10 ng/ml) or absence of LPS for 4 h
(2nd stimulation). Then, total RNA was extracted from the
macrophages and Northern blot analysis for TNF-K, IL-6, and
GAPDH mRNA was performed. Results of one representative
experiment of two are shown.
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the LPS-tolerant cells appears to be blocked at the
transcriptional level.
3.2. Protein tyrosine phosphorylation in LPS-tolerant
macrophages
Activation of tyrosine kinases, which leads to
phosphorylation of certain tyrosine residues in pro-
teins, is known to be a necessary step of LPS signal-
ing in macrophages. We investigated protein tyrosine
phosphorylation in the LPS-tolerant macrophages
upon second stimulation with LPS. As shown in
Fig. 2, tyrosine phosphorylation of three proteins
with molecular weights between 40 and 45 kDa
that appeared in non-tolerant macrophages in re-
sponse to LPS was suppressed in LPS-tolerant mac-
rophages with the second stimulation. The amount
of suppression depended on the dose of LPS used in
the ¢rst stimulation, and the e¡ect reached near pla-
teau level with 10 ng/ml of LPS. Moreover, pretreat-
ment with synthetic lipid A (compound 506) caused
similar suppression (data not shown). Suppression
was also observed in cells of a murine macrophage-
like cell line, RAW264.7, when LPS tolerance was
induced (data not shown).
ERK in the cells was detected by Western blotting
analysis with anti-ERK antibody that recognizes
both isoforms of ERK, ERK1 (p44) and ERK2
(p42). In the non-tolerant macrophages and tolerant
macrophages induced by a low concentration (0.1 ng/
ml) of LPS, slower migrating forms of ERK isomer,
probably phosphorylated forms, were detected in re-
sponse to the second stimulation with 100 ng/ml of
LPS. These bands of the slower migrating forms
shifted to faster migrating forms in accordance with
increasing concentration (1^100 ng/ml) of LPS used
in the ¢rst stimulation (Fig. 2, lower photograph).
The shift correlated well with the disappearance of
phosphotyrosine bands of 40^45 kDa (Fig. 2, upper
photograph). As for the total amount of ERK pro-
teins, no apparent di¡erence was observed between
LPS-tolerant and non-tolerant macrophages. In-
creased tyrosine phosphorylation in high molecular
weight proteins (s 60 kDa) was also observed in
LPS-pretreated macrophages, but this was not fur-
ther studied.
3.3. LPS-stimulated activation of MAPK family
proteins and their suppression in LPS-tolerant
macrophages
In response to LPS, the 40^45-kDa proteins of the
non-tolerant macrophages were strongly phosphoryl-
ated at their tyrosine residues (Fig. 2, upper photo-
graph). To determine if these proteins were MAPK
family proteins, non-tolerant macrophages were
stimulated with 10 or 100 ng/ml of LPS, then the
macrophage lysates were analyzed by the Western
Fig. 2. Protein tyrosine phosphorylation in LPS-tolerant macro-
phages in response to 2nd stimulation. Tolerant and non-toler-
ant macrophages were stimulated again with 100 ng/ml of LPS
for 15 min (2nd stimulation), washed and lysed with lysis bu¡er
containing 1% Triton X-100. Triton X-100-solubilized protein
was analyzed by Western blot with anti-phosphotyrosine (PY-
20) or anti-ERK antibody. Similar results were obtained in two
other independent experiments.
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blotting procedure using three di¡erent types of anti-
bodies: an anti-phosphotyrosine monoclonal anti-
body, an anti-phospho-ERK antibody that recog-
nizes only tyrosine phosphorylated-ERK1 and
-ERK2, and an anti-phospho-p38 antibody that rec-
ognizes only a tyrosine phosphorylated p38. As
shown in Fig. 3, the three bands of tyrosine phos-
phorylated 40^45-kDa proteins corresponded well to
the bands of the phosphorylated forms of ERK1,
ERK2 and p38. The kinase p38 is known to be acti-
vated (phosphorylated) by osmotic stress of NaCl
regardless of LPS stimulation. The osmotic stress
strongly phosphorylated p38 in LPS-tolerant macro-
phages as well as in non-tolerant macrophages (data
not shown). Phosphorylations of ERK and p38 in
tolerant macrophages were also examined after the
second stimulation. As shown in Fig. 4A,B the phos-
phorylations were clearly suppressed in tolerant mac-
rophages, but not in non-tolerant macrophages.
In addition to ERK and p38, JNK is also a mem-
ber of the MAPK family and is reported to be acti-
vated in LPS-stimulated macrophages [15]. JNK hav-
ing isoforms of p46 and p54 is known to be activated
by protein tyrosine phosphorylation, but this phos-
phorylation could not be as clearly detected as those
of ERK and p38 by the Western blotting analysis
with anti-phosphotyrosine antibody as shown in
Figs. 2 and 3. Therefore, we tried to monitor the
Fig. 4. Suppression of three MAPK proteins in tolerant macro-
phages in response to 2nd stimulation. Macrophages were incu-
bated in the presence (+; 10 ng/ml, left half or 100 ng/ml, right
half) or absence (3) of LPS for 19 h (1st stimulation). After
washing, the macrophages were incubated again with (+; 10 ng/
ml, left half or 100 ng/ml, right half) or without (3) LPS for
15 min (2nd stimulation). Phosphorylated forms of ERK were
detected with immunoblotting using anti-phospho-ERK anti-
body (A, upper panel), and whole ERK was detected with anti-
ERK antibody (A, lower panel). Phosphorylated p38 was de-
tected with immunoblotting using anti-phospho-p38 antibody
(B, upper panel), and whole p38 was detected with anti-p38
antibody (B, lower panel). JNK activity was detected with a
SAPK/JNK assay kit (C). Results of one representative experi-
ment of two are shown.
Fig. 3. Identi¢cation of tyrosine phosphorylated proteins in
macrophages. Non-tolerant macrophages were incubated in the
presence (10 or 100 ng/ml) or absence of LPS for 15 min, and
the respective tyrosine phosphorylated proteins in the cell lysate
were detected by immunoblotting with anti-phosphotyrosine
(K-pTyr), anti-phospho-ERK (K-pERK) and anti-phospho-p38
(K-pp38) antibody. Results of one representative experiment of
two are shown.
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Fig. 5. Ability of GLA-58, a synthetic monosaccharide lipid A analog, to induce TNF production, ERK phosphorylation and LPS
tolerance. Non-tolerant macrophages from C3H/He mice were stimulated with LPS or GLA-58 for 4 h, and TNF activities in culture
supernatant were measured by bioassay using L929 cells (A). Endotoxin-tolerance to macrophages was induced by incubation with 10
ng/ml of LPS or 1 or 10 Wg/ml of GLA-58 for 19 h (1st stimulation), the macrophages were washed with HBSS and stimulated with
10 ng/ml of LPS (2nd stimulation). The culture supernatant at 4 h after stimulation was obtained for TNF assay (B). Non-tolerant
macrophages were stimulated with LPS or GLA-58 for 15 min, and phosphorylation of ERK in the macrophages was detected by im-
munoblotting with anti-phospho-ERK antibody (C). Endotoxin-tolerance to macrophages was induced by incubation with 0.1 Wg/ml
of LPS or 1 or 10 Wg/ml of GLA-58 for 19 h (1st stimulation), and the tolerant states were evaluated by assessment of ERK phos-
phorylation in response to 0.1 Wg/ml of LPS (2nd stimulation) (D). Results of one representative experiment of two are shown.
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activation of JNK by detecting the kinase activity to
phosphorylate c-Jun, a substrate of JNK. As shown
in Fig. 4C, c-Jun phosphorylation in the tolerant
macrophages was strongly suppressed. These results
indicate that LPS tolerance is caused by inactivation
of LPS-speci¢c signaling pathways through MAPK
activation.
3.4. ERK phosphorylation in GLA-58-induced
endotoxin-tolerant macrophages
We have reported that GLA-58, a synthetic mono-
saccharide lipid A analog, shows little LPS-like ago-
nistic activity, but has signi¢cant ability to induce
LPS tolerance [21]. As shown in Fig. 5A, GLA-58
(1 or 10 Wg/ml) had no ability to induce TNF pro-
duction by macrophages. Under the same conditions,
it enhanced the tyrosine phosphorylation of ERK1
and ERK2, although more weakly than did LPS
(Fig. 5C). Activation of NF-UB by GLA-58 was
also weaker than that by LPS (data not shown).
These ¢ndings indicate that GLA-58 can activate
the early stage of the LPS signal transmission path-
way in macrophages to some extent, but that, unlike
the activation by LPS, the activation does not last
long enough to initiate cytokine production. As
shown in Fig. 5B, GLA-58 pretreatment induced
the suppression of TNF production with LPS stim-
ulation as reported previously [21]. ERK phospho-
rylation in the GLA-58-induced endotoxin-tolerant
macrophages after LPS stimulation (as second stim-
ulation) was suppressed to some extent (Fig. 5D),
although the phosphorylation in LPS-induced toler-
ant macrophages after the second stimulation disap-
peared completely. These ¢ndings suggest that GLA-
58-pretreatment partially inhibits ERK activation by
LPS.
3.5. Taxol-induced protein tyrosine phosphorylations
in LPS-tolerant macrophages
It is known that taxol, a microtubule-stabilizing
agent, shows LPS-like agonistic activity in the acti-
vation of murine macrophages [31^33]. Stimulation
of non-tolerant macrophages with taxol induced ty-
rosine phosphorylation of 40^45-kDa proteins, with
patterns similar to LPS stimulation. However, taxol
was barely able to induce tyrosine phosphorylation
in LPS-tolerant macrophages (Fig. 6). These ¢ndings
suggest that taxol signal transmission through pro-
tein tyrosine phosphorylation shares a common
pathway with LPS signaling.
3.6. Induction of ERK2 tyrosine phosphorylation in
LPS-tolerant macrophages by PMA
PMA, a potent activator for the common PKC,
also has the ability to activate ERK in various cell
types including macrophages through pathways dif-
ferent from those involved in LPS stimulation. We
examined the e¡ect of PMA on ERK activity in
LPS-tolerant macrophages. As shown in Fig. 7A,
tyrosine phosphorylation of ERK2 (p42) in response
to PMA was not suppressed in LPS-tolerant macro-
phages, while the response to LPS was strongly sup-
Fig. 6. Protein tyrosine phosphorylation in LPS-tolerant macro-
phages after 2nd stimulation by taxol. LPS-tolerant macro-
phages were stimulated with 30 WM taxol for 20 min, and tyro-
sine phosphorylated proteins in the macrophages were
examined. Similar results were obtained in two other independ-
ent experiments.
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pressed. In other words, the activation of protein
tyrosine phosphorylation through the LPS-independ-
ent signaling pathway was not a¡ected by induction
of LPS tolerance.
3.7. Suppression of Raf-1 phosphorylation in
LPS-tolerant macrophages
Raf-1, an upstream activator of ERK, is known to
be activated by PMA as well as LPS [14]. The acti-
vated (phosphorylated) Raf-1 protein is detectable by
Western blotting analysis since it migrates slower in
SDS-PAGE than the inactive form. As shown in Fig.
7B, the Raf-1 band of tolerant macrophages after
second LPS stimulation was located in the same po-
sition as that of non-tolerant macrophages without
LPS stimulation, while the band of non-tolerant
macrophages with LPS stimulation was located at a
slower position. In addition, the slower migrating
band appeared in the LPS-tolerant macrophages
after stimulation with PMA. These ¢ndings suggest
that the refractory ERK phosphorylation in LPS-tol-
erant macrophages is speci¢c to LPS. These results
correlated very well with phosphorylation of ERK2
shown in Fig. 7A.
3.8. Poor NF-UB activation and IUB degradation in
LPS-tolerant macrophages
Activation of NF-UB, a transcription factor, is also
known to be important for LPS-induced macrophage
activation. NF-UB is sequestered in cytoplasm be-
cause of its interaction with the IUB family of inhib-
itors, including IUBK. Upon stimulation of cells with
LPS, IUBK is phosphorylated and undergoes in situ
proteolytic degradation. Free NF-UB dimers move to
the nucleus, bind to speci¢c sites in the promoter
regions of target genes, and stimulate transcription.
We investigated whether NF-UB was activated in
LPS-tolerant macrophages. As shown in Fig. 8A,
NF-UB in nuclear extracts was easily detected in
non-tolerant macrophages with LPS stimulation
and in the macrophages pretreated with 0.01^0.1
ng/ml of LPS after the second LPS (10 ng/ml) stim-
ulation. On the other hand, appearance of NF-UB in
the nuclear extract prepared from the macrophages
pretreated with 1 or 10 ng/ml of LPS was completely
suppressed after the second LPS stimulation. NF-UB
bands in the nuclear extract prepared from non-tol-
erant macrophages with LPS stimulation disappeared
when excess cold UB oligonucleotide, but not a mu-
tant UB, was added. The two bands seen in the ¢gure
Fig. 7. E¡ects of PMA stimulation on ERK2 (p42) and Raf-1
phosphorylation in LPS-tolerant macrophages. LPS-tolerant
macrophages were stimulated with PMA or LPS for 15 min
(2nd stimulation). Then, tyrosine phosphorylated proteins (A)
and activation of Raf-1 (B) in the macrophages were detected
with immunoblotting using anti-phosphotyrosine antibody and
anti-Raf-1 antibody, respectively. Results of one representative
experiment of two are shown.
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may correspond to a p50/p50 homodimer and a p50/
p65 (or RelA) heterodimer of NF-UB members, judg-
ing from preliminary data obtained with speci¢c anti-
bodies (data not shown) and previous reports [27].
Non-tolerant and LPS-tolerant macrophages showed
no di¡erence in levels of the constitutive transcrip-
tion factor, Sp1 (data not shown). Although taxol
stimulation was also able to activate NF-UB in mac-
rophages, the activation was not seen in LPS-tolerant
macrophages (Fig. 8A), suggesting a common role
for NF-UB in both taxol- and LPS-signal transmis-
sion pathways.
Next, we examined proteolytic degradation of
IUBK, a main inhibitor of NF-UB. IUBK in the cyto-
sol of non-tolerant macrophages disappeared within
15 min after LPS (10 ng/ml) stimulation and recov-
ered slightly at 60 min, while that of LPS-tolerant
macrophages remained slightly decreased (Fig. 8B,
Fig. 8. NF-UB activation and IUBK degradation in tolerant macrophages. (A) Tolerant macrophages induced with 0.01, 01, 1 or 10
ng/ml of LPS were re-incubated with 10 ng/ml of LPS or 20 WM of taxol for 1 h. DNA-binding activities of NF-UB were detected by
electrophoretic mobility shift assay (EMSA) using the UB site on murine IL-6 gene as a probe. One hundred-fold excess amounts of
cold competitor oligonucleotide (UB) and mutant one (mUB) against probe were added. Lane 1: P = probe alone. Similar results were
obtained in two other independent experiments. (B) Non-tolerant macrophages and tolerant macrophages induced with 10 ng/ml of
LPS were re-stimulated with 10 ng/ml of LPS during the time period indicated, and cytosol extracts from the macrophages were pre-
pared. IUBK and p65 (or RelA) proteins in cytosol extracts were detected by immunoblotting. Results of one representative experiment
of two are shown.
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upper lane). The behavior of protein p65/RelA, one
of the NF-UB subunits, was also analyzed (Fig. 8B,
lower lane) and found to decrease gradually after
LPS stimulation in cytosol of non-tolerant macro-
phages, probably as a result of translocation to the
nucleus. In contrast, no apparent change in p65/
RelA protein levels after LPS stimulation was ob-
served in cytosol of LPS-tolerant macrophages.
These ¢ndings match the results shown in Fig. 8A.
3.9. LPS uptake in LPS-tolerant macrophages
For estimation of LPS uptake in macrophages,
125I-labeled LPS was prepared and added to macro-
phage cultures. As shown in Fig. 9, uptake of 125I-
LPS in LPS-tolerant macrophages did not decrease,
but was rather enhanced, in comparison to the up-
take in non-tolerant macrophages. These results sug-
gest that tolerance induction does not a¡ect incorpo-
ration of the second LPS into the macrophages. In
other words, loss of LPS binding to macrophages is
not the cause of LPS tolerance.
4. Discussion
For activation of macrophages by LPS stimula-
tion, signaling pathways involving MAPK family
cascades are indicated to play important roles [2,3].
Three cascades involving the MAPK family proteins,
ERK, p38 or JNK, are known (Fig. 10). These cas-
cades are basically independent of each other and are
activated in di¡erent manners depending on the type
of stimulant [34]. In response to LPS stimulation, all
three cascades are activated. These cascades may
contribute in some part to the diverse responses ob-
served, including production of various types of cy-
tokines and mediators. In the present study, we
clearly showed that LPS tolerance resulted in hypo-
responsiveness of all three groups of MAPK proteins
when restimulated with LPS (Fig. 4). It was reported
that the ERK cascade transduces a signal for activa-
tion of NF-IL-6, a transcription factor that induces
IL-6 gene expression [35^37]. Involvement of the p38
cascade in LPS-stimulated production of TNF-K and
IL-1 was suggested by treatment of macrophages
with a p38-speci¢c inhibitor [13]. Through the JNK
cascade, c-Jun becomes phosphorylated. Phospho-
rylated c-Jun is required for activation of activator
protein-1 (AP-1), a transcription factor that activates
various types of cytokine gene expression. Since AP-
1 is composed of a c-Jun homodimer or a c-Jun/c-
Fos heterodimer, enhancement of c-Fos protein syn-
thesis by activation of c-fos promoter via phospho-
rylation of Elk-1 located downstream of the ERK
cascade may also contribute to the activation of
AP-1 [14]. It was recently reported that the p38 cas-
cade is linked to the activation of myocyte-enhancer
factor 2C (MEF2C), which would result in increased
transcription of the c-jun gene for replenishment of
c-Jun protein consumed by AP-1 formation [38]. Sig-
nal transductions through these three cascades may
interact with each other to regulate AP-1 activation
that leads to cytokine production. The results of this
study indicate that LPS-stimulated signaling through
all three cascades is blocked in LPS-tolerant macro-
phages, and that this blockade of all the signals
probably participates in suppression of LPS-stimu-
lated cytokine production.
Taxol is a compound that mimics the action of
LPS (LPS agonist) on murine macrophages [31^
33,39,40]. In contrast, the action of PMA is inde-
pendent of LPS. Stimulation of murine macrophages
with either taxol or PMA induced activation of ERK
proteins. In LPS-tolerant macrophages, activation by
taxol-stimulation was strongly suppressed (Fig. 6),
while ERK2 (p42) protein was still activated by
PMA stimulation (Fig. 7A). Raf-1, an upstream ac-
tivator of the ERK cascade, was also suppressed in
LPS-tolerant macrophages after LPS-restimulation,
Fig. 9. Comparison of LPS uptake between tolerant and non-
tolerant macrophages. Tolerant and non-tolerant macrophages
(3.5U105 cells/well) were each incubated with 20 ng of 125I-LPS
(1 WCi/Wg LPS) in 200 Wl of 10% FCS-RPMI 1640 medium for
2 h at 37‡C. After washing, the cells were lysed with 0.1 N
NaOH and radioactivity measured. Results of one representa-
tive experiment of two are shown.
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although it remained responsive after PMA stimula-
tion (Fig. 7B). These results suggest that blockage of
signals in LPS-tolerant macrophages is limited to
LPS-speci¢c signaling pathways and that taxol shares
with LPS common signaling pathways through
MAPK family cascades. The site causing LPS toler-
ance appears to be located upstream of Raf-1.
NF-UB is an important transcription factor for
immune and in£ammatory responses, and plays a
central role in cytokine production, including pro-
duction of TNF-K and IL-6 by LPS-stimulated mac-
rophages [17]. When macrophages were activated by
LPS, IUB protein, which is associated with NF-UB to
make the inactive cytosolic complex, is phosphoryl-
ated and degraded presumably by the ubiquitin^pro-
teasome pathway. As a result, free NF-UB translo-
cates from cytosol to nucleus and activates
transcription of target genes. Both LPS- and taxol-
stimulated activation of NF-UB was suppressed in
LPS-tolerant macrophages, as shown in Fig. 8A.
Degradation of IUBK and decrease of p65/RelA, an
active subunit of NF-UB, observed in the cytosol of
non-tolerant macrophages, were hardly observed in
LPS-tolerant macrophages (Fig. 8B). These results
indicate that hindrance of IUBK degradation caused
the suppression of NF-UB activation in LPS-tolerant
macrophages and that the NF-UB inactivation, in
addition to inactivation of MAPK family cascades,
participates in LPS-tolerance induction. Thus multi-
ple LPS-activated cascades are suppressed in LPS-
tolerant macrophages.
Stimulation of macrophages with GLA-58 induced
the activation of ERK, although the response was
weaker than that induced by LPS (Fig. 5C). How-
ever, unlike LPS, GLA-58 failed to induce cytokine
production by macrophages (Fig. 5A). This com-
pound can induce the refractory state against LPS-
stimulated cytokine production (Fig. 5B) [21]. In this
study, we found that macrophages pretreated with
GLA-58 showed partial suppression of LPS-stimu-
lated ERK activation, as compared to the complete
suppression seen with LPS pretreatment (Fig. 5D).
For cytokine production by macrophages, strong ac-
tivation of ERK may be necessary, and stimulation
Fig. 10. Tentative LPS-induced intracellular transsignaling pathway in murine macrophages. It is thought that macrophages activate
three MAPK families with LPS stimulation, then the activated kinases control gene expressions, participating in the further signaling
pathway. It was con¢rmed that all the cascades, ERK, p38, JNK and IUBK degradation, were suppressed in LPS-tolerant macro-
phages. Activation of Raf-1 upstream of ERK was also suppressed by LPS tolerance. The site of suppression to induce LPS tolerance
should be located between Raf-1 and the LPS binding site on the cell surface.
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by GLA-58 may transduce only a partial signal to
ERK.
In the initial steps of the LPS-signaling pathways
in macrophages, CD14, a molecule on the cell sur-
face, is known to play an important role as an e¡ec-
tive acceptor of extracellular LPS in the form of the
complex with LPS-binding protein (LBP) [23]. Trans-
duction of extracellular stimuli into cytosol by CD14
itself is, however, thought to be less likely since this
molecule is a GPI-anchored protein possessing no
intracellular domain. The existence of an LPS recep-
tor (LPS-R) that receives LPS from CD14 and trans-
duces the signal to downstream activators inside the
cells such as tyrosine kinases is hypothesized, but not
yet proved. It was reported that CD14 molecules on
LPS-tolerant macrophages are expressed in the same
level as in non-tolerant macrophages [41,42]. In the
present study, we demonstrated that LPS uptake in
LPS-tolerant macrophages was similar to that in
non-tolerant macrophages (Fig. 10), suggesting that
recognition of LPS in the early step of the signaling
pathway including binding to the putative LPS-R is
not downregulated by LPS-tolerance induction.
CD14 is not required for transmittance of the LPS-
mimicking signal by taxol [39]. Rhodobacter sphae-
roides diphosphoryl lipid A (RsDPLA), an LPS an-
tagonist, inhibits the action of both LPS and taxol in
a CD14-independent manner [39,43^45]. LPS and
taxol may both bind to the putative LPS-R, and
may be transduced through common signaling path-
ways that have branching cascades thereafter. Taking
the results of suppression of multiple intracellular
LPS signaling pathways in LPS-tolerant macro-
phages into consideration, the cause of LPS tolerance
is presumed to be desensitization or lack of some
signal transducer(s) located downstream of the puta-
tive LPS-R and upstream of the intracellular branch-
ing point to the MAPK family cascades and NF-UB
activation cascade (Fig. 10). It is also possible that
the refractory state may be mediated at the level of
the putative LPS-R itself.
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